H2 metabolism is proposed to be the most ancient and diverse mechanism of 17 energy-conservation. The metalloenzymes mediating this metabolism, 18 hydrogenases, are encoded by over 60 microbial phyla and are present in all major 19 ecosystems. We developed a classification system and web tool, HydDB, for the 20 structural and functional analysis of these enzymes. We show that hydrogenase 21 function can be predicted by primary sequence alone using an expanded 22 31 classes defined here. The database and classifier are freely and publicly available at 32 http://services.birc.au.dk/hyddb/ 33 34 39 3 across the three domains of life: chemotrophs and phototrophs, lithotrophs and 40 heterotrophs, aerobes and anaerobes, mesophiles and extremophiles alike 1,2 . On 41 the ecosystem scale, H2 supports microbial communities in most terrestrial, aquatic, 42
scheme, we built a web tool that rapidly and reliably classifies hydrogenase primary 25 sequences using a combination of k-nearest neighbors' algorithms and CDD 26 referencing. Demonstrating its capacity, the tool reliably predicted hydrogenase 27 content and function in 12 newly-sequenced bacteria, archaea, and eukaryotes. 28 HydDB provides the capacity to browse the amino acid sequences of 3248 29 annotated hydrogenase catalytic subunits and also contains a detailed repository of 30 physiological, biochemical, and structural information about the 38 hydrogenase Introduction 35 Microorganisms conserve energy by metabolizing H2. Oxidation of this high-energy 36 fuel yields electrons that can be used for respiration and carbon-fixation. This 37 diffusible gas is also produced in diverse fermentation and anaerobic respiratory 38 processes 1 . H2 metabolism contributes to the growth and survival of microorganisms hydrogenases 2,7 . Better understanding H2 metabolism and the enzymes that 48 mediate it also has wider implications, particularly in relation to human health and 49 disease 3,8 , biogeochemical cycling 9 , and renewable energy 10,11 . distributed and functionally diverse. They can be classified through a hierarchical 55 system into different groups and subgroups/subtypes with distinct biochemical 56 features (e.g. directionality, affinity, redox partners, and localization) and 57 physiological roles (i.e. respiration, fermentation, bifurcation, sensing) 1,6 . It is 58 necessary to define the subgroup or subtype of the hydrogenase to predict 59 hydrogenase function. For example, while Group 2a and 2b [NiFe]-hydrogenases 60 share > 35% sequence identity, they have distinct roles as respiratory uptake 61 hydrogenases and H2 sensors respectively 13, 14 . Likewise, discrimination between 62 Group A1 and Group A3 [FeFe]-hydrogenases is necessary to distinguish 63 fermentative and bifurcating enzymes 2,15 . Building on previous work 16 In this work, we build on these findings to develop the first web database for the 73 classification and analysis of hydrogenases. We developed an expanded 74 classification scheme that captures the full sequence diversity of hydrogenase 75 enzymes and predicts their biological function. Using this information, we developed 76 a classification tool based on the k-nearest neighbors' (k-NN) method. HydDB is a 77 user-friendly, high-throughput, and functionally-predictive tool for hydrogenase 78 classification that operates with precision exceeding 99.8%.
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Results and Discussion
81
A sequence-based classification scheme for hydrogenases 82 We initially developed a classification scheme to enable prediction of hydrogenase 83 function by primary sequence alone. To do this, we visualized the relationships 84 between all hydrogenases in sequence similarity networks (SSN) 18 , in which nodes 85 represent individual proteins and the distances between them reflect BLAST E-86 values. As reflected by our analysis of other protein superfamilies 19,20 , SSNs allow 87 robust inference of sequence-structure-function relationships for large datasets 88 without the problems associated with phylogenetic trees (e.g. long-branch attraction). The SSN analysis revealed that several branches that clustered together on the 105 phylogenetic tree analysis 2 in fact separate into several well-resolved subclades 106 ( Figure 1 ). We determined whether this was significant by analyzing the taxonomic 107 distribution, genetic organization, metal-binding sites, and reported biochemical or 108 functional characteristics of the differentiated subclades. On this basis, we concluded 109 that 11 of the new subclades identified are likely to have unique physiological roles. 110 We therefore refine and expand the hydrogenase classification to reflect the 111 hydrogenases are more diverse in both primary sequence and predicted function is also performed that computes the BLAST E-value between the inputted sequence 150 and its closest homolog in HydDB. HydDB classifies any inputted sequence that 151 lacks hydrogenase conserved domains or has low homology scores (E-value > 10 -5 ) 152 as a non-hydrogenase (Table S1) . 153 154 In the final step, the sequence is classified through the k-NN method that determines 155 the most similar sequences listed in the HydDB reference database. To determine 156 the optimal k for the dataset, we performed a 5-fold cross-validation for k = 1…10 Table S2 . The 162 classifier has also been trained to detect and exclude protein families that are 163 8 homologous to hydrogenases but do not metabolize H2 (Nuo, Ehr, NARF, HmdII 1,2 ) 164 using reference sequences of these proteins (Table S1 ). Classification method 265 The -NN method is a well-known machine learning method for classification 45 . 266 Given a set of data points 1 , 2 , … (e.g. sequences) with known labels 1 , 2 , … , Table 1 . Expanded classification scheme for hydrogenase enzymes. The majority of 419 the classes were defined in previous work 2, 16, 17, 46 . The [NiFe] Group 1i, 1j, 1j, 2e, 420 4d, 4g, 4h, and 4i enzymes and [FeFe] Groups C1, C2, and C3 enzymes were 421 defined in this work based on their separation into distinct clusters in the SSN 422 analysis (Figure 1) . HydDB contains detailed information on each of these classes, 423 including their taxonomic distribution, genetic organization, biochemistry, and 424 structures, as well a list of primary references. (Table 1) . 26 27 Table S1 . Validation that HydDB classifies only hydrogenase catalytic subunit sequences. HydDB excludes non-hydrogenase sequences through a combination of homology checks (sequences are only classified as hydrogenases if BLAST E-value of the closest hit in HydDB is less than 10 -5 ) and CDD checks (sequences are only classified as hydrogenases if signature conserved domains are found). In addition, the classifier has been specifically trained to exclude four protein families that are homologous to hydrogenase catalytic subunits (HmdII, Her, NuoD, NARF) but lack hydrogenase activity.
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